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Abstract
Efficacy of gene therapy is relied upon the improvement of gene delivery vectors into mammalian cells.
Although viral-based polynucleotide carriers are still considered as the most common method for gene
delivery [23] but the cost effectiveness, nonspecific lethal immune response has evoked the renaissance
of non-viral synthetic delivery systems. An initial discovery by Felgnar et al. [25] showed Cationic
Liposomes (CLs) (having an overall positive charge) when mixed with DNA to form CL-DNA
complexes can enhance the transfer of polynucleotides into cells followed by its expression. Presently, a
flurry of experimental works is taking place for the better understanding of structural characterization
and functional efficacy of supramolecular structures (CLs-DNA complex). This effort has contributed
CLs delivery system as the most popular rapidly emerging non-viral method for delivering genes in cells
as well as for therapeutic clinical trails. [26]
The stability of supramolecular self-assembled structures relies upon pre-organization of molecular
receptors effecting molecular recognition and appropriate manipulation of intermolecular non-covalent
interaction, hydrogen bonding arrays and ion coordination sites of participating molecular components
[13][15]. Campa et al [16] first reported a novel class of metal mediated amphiphillic molecules that
have the ability to generate discrete supramolecular self-assembly in water and condense into CLs-DNA
structures capable of transfecting polynucleotides to mammalian cells via redox and ligand exchanged
reactions. Here in this work we report a different class of Cu mediated co-ordination amphiphiles which
are designed to self organize via co-ordination and hydrogen bonding interactions to cationic metallo
liposomes. These CLs are capable of delivering a gene (pEGFPN1) encodes for green fluorescent
protein into mammalian cells (HEK 293 T).
We have used transmission electron microscopy (TEM), dynamic light scattering (DLS), and confocal
optical microscopy to characterize the structure of CLs-DNA complex and lipoplexes. The transfection
efficiency was measured with fluorescent microscopy and fluorescence activated cell sorting (FACS).
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CHAPTER 1: Introduction
Supramolecular chemistry is relatively a new field in Chemistry but its interdisciplinary nature has
brought about wide ranging collaboration between inorganic and solid-state chemists, biochemist,
synthetic and organic chemists. Within the past decade it has emerged as very exciting new research
in the field of nanotechnology and nano-chemistry. French chemist Jean-Marie Lehn introduced the
concept of supramolecular chemistry, which is “the chemistry beyond the molecule”[1]. He shared
the 1987 Nobel Prize in Chemistry with Donald Cram and Charles Peterson for the discovery of
‘chemistry of molecular assemblies and of intermolecular bond’. The aesthetic nature of supra
molecular compounds and the links between the visualization, molecular modeling, and practical
experimental behavior of hosts has instigated the enthusiasm to the extent that is now a full member
of the pantheon of the scientific field. [2]
1.1

Supramolecular Chemistry:

Supramolecular chemistry defined in terms of non-covalent interaction between host and guest
molecules or participating molecular components having bond energy less than 30kcal/mol [3].
Complexes are composed of two or more molecules or ions held together in unique structural
relationship by hydrogen bonding, ion pairing, π-acid to π- base interaction, metal to ligand binding,
van der Waals attraction force or by solvent reorganizing [2]. In supramolecular complexes a high
structural organization is usually produced through multiple binding sites. This complex is
composed of at least one host and one guest molecule.
1.2

Host and Guest Molecules:

In this context we generally consider a molecule (host) binding another molecule (guest) to produce
host guest complex or supramolecular complex [1]. Commonly the host is a larger molecule or
aggregate, such as, an enzyme or synthetic sizeable compound. The guest may be a monoatomic
cation, inorganic anion, an ion pair or bio-molecules such as hormone or neurotransmitter. The host is
1

defined as molecular entity possessing converging binding sites (e.g., Lewis basic donor atoms,
Hydrogen bond donors). The guest possesses diverging binding sites (e.g., Lewis acidic metal
cation)[2]. In turn a binding site is defined as a region of the host or guest capable of taking part in a
non-covalent interaction [1][3]. Donald J Cram defined the relationship between host and guest
molecules as the complementary stereo-electronic arrangement of binding sites in both host and guest
molecules.’ So the first step to design a host molecule is to define the set of requirements (electronic,
steric or geometrical) of targeted guest molecule to be incorporated in the host [7][5].
Supramolecular structures have been made via several types of interactions like hydrogen bonding,
metal−ligand coordination, π −π stacking. [2][4]
1.3 Classification of Host and Guest Molecules:
Modern host and guest molecules are divided in two major classes according to the relative
topological relationship between host and guest [6][7]. Cavitands may be described as a host having
permanent intermolecular cavities. This implies that the cavity available for guest to bind is a
molecular property of the host and exists both in solution and solid state. In other hand clathrates
having extra molecular cavities can only be present in the crystalline and solid state. So the host guest
aggregate formed by cavitand and clathrands termed as clathrands. There is a third situation in which
participating molecules associates using non covalent bonds. This circumstance can be termed as selfassembly or mutually complementary pair of molecules. [4] The host and guest interactions are
compensated by the primarily electrostatic interactions like dipole-dipole, ion-dipole on the other
hand the complexes having a property of self assembly possesses less directional interactions such as
hydrophobic, van der Waals forces or crystal close packing effects.
1.4

Self-assembly:

One of the basic concepts of supramolecular chemistry is self-assembly. Self-assembly designates the
evolution towards spatial confinement through spontaneous connection of the molecular components,
resulting in the formation of discrete or extended structures at the nanometer scale [5]. The process of
2

self-organization is spontaneous which causes an information-directed generation of organized
thermodynamically stable functional structures in equilibrium conditions. [8] A relevant biological
example is for instance, the formation of a virus particle from its components, genomic nucleic acid
Self-assembly is the most efficient means to achieve the synthetic formation of a large
and coat proteins. [4]
variety of supramolecular ensembles, and at its core, it uses the molecular recognition of its
Self-assembly
is thetoefficient
property
to of
achieve
the synthetic2 These
formation
of provide
a largea cluster
components
in order
control the
evolution
the macrostructures.
events
way of
Supramolecular
ensembles,
and atblocks
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designing programmed
building
to ‘engineer’
and functional
superstructures
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to control
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of the macrostructures
[9].non-covalent
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with
nanometric
dimensions.
To achieve
this goal, rational
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nanometric
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Figure 1.1. Examples of non-covalent interactions that serve to guide molecules during self-assembly:

Figure 1.1: Examples(a)ofHydrogen
non-covalent
that serve
to guide
molecules during self-assembly
bondinginteraction
(b) Coordination,
and (c)
stacking.
(a) Hydrogen Bonding

(b) Metal Co-ordination

(c) Pi-Pi Stacking

These types of non-covalent synthesis were initially explored using covalent macrocycles
There are couple of examples, which demonstrate the approach of two and three dimensional selfsuch as crown ethers, cyclophanes, cryptands, etc. and they were subsequently followed by the
assemblies in mesoscale by Whitesides [11] self assembled nanostructures by Stupp [12] and
hydrogen bonding directed self-assembly of multi-components. Some examples that illustrate
coordination-directed supramolecular structures were investigated by Lehn and later systematized by
this approach are the two- and three-dimensional self-assemblies of mesoscale objects by
Stang [13].
Whitesides,3,4 the self-assembled nanostructures prepared by Stupp,5 and the three-dimensional
However,
it has 6been
widelycoordination-directed
accepted that the mostsupramolecular
promising approach
to superstructures
appears
capsules
by Rebek.
Similarly,
ensembles
were originally

pioneered by Lehn1 and later systematized by Stang,7,8 Raymond,9 Fujita,10,11 and more recently
3
by Yaghi.12 Additionally,

stacking interactions have been used by Moore13 and others to
2

to be those having metal-ligand coordination motifs. Metal-ligand coordination motifs give the ability
to design highly directional building blocks due to rich coordination geometries of transition metals
and the nanostructures generated due to metal ligand co-ordination motif is highly stable discrete with
predetermined shapes and geometries [14].
1.5 Classification of Supra-molecular Self-Assembled Structures:
Supramolecular ensembles have two different classes of architectures.
Discrete Supra-molecular Ensembles: This is intermolecular association of finite number of

molecular components. Discrete supramolecular structures have potential application on nanoARTI CLES

Kryschenko et al.

catalytic reactors [15] and formation of cationic liposome for DNA delivery in mammalian cell [16].
Peter J Stang one of the pioneers in the field of supramolecular chemistry has significant
contribution for the concept of designing discrete two dimensional structures where 180° linking
ligand combined with 60° ditopic metal linkers yielded discrete molecular triangles. Here he
systemized the propagation of non-covalent interaction through the steric constrains and structural
geometry of ligand and metal linker [17]
Figure 2. ORTEP representation (left) and CPK model (right) based on the X-ray structure of 7. Nitrate anions are omitted for clarity.

Figure 3. Packing diagram of 7 as viewed down the a-axis. Hydrogens are omitted for clarity.
Table 1. Crystallographic Data for 3 and 7
3

7

7, the structure of which has been proven independently by
X-ray diffraction, and triangle 8 both gave (M - NO3)+, (M 2NO3)2+, and (M - 3NO3)3+ peaks, with respective m/z ratios
of 3895.2, 1916.6, and 1257.0 for 7 and 3973.5, 1955.8, and
1283.1 for 8. The (M - NO3)+ peak of 9 (m/z ) 5333.9) was
outside of the spectrometer’s range. Still, both the (M 2NO3)2+, m/z ) 2635.3, and the (M - 3NO3)3+, m/z ) 1736.0,
peaks were observed, confirming the proposed structure.
According to molecular modeling, triangle 9 should have a side
length of roughly 3.5 nm and a cavity big enough to fit a guest
of approximately 1.3 nm in diameter. This, interestingly, makes
it one of the largest triangles assembled to date.

formula
C H N O P of
Pt supramolecular
C H N O P Pt
Figure empirical
1.2: Packing
diagram
self-assembly in molecular triangles [17]
molecular weight
1163.00
3957.56
38

T (K)
wavelength (Å)
crystallographic system
space group
unit cell dimensions

V (Å3)
Z
density (Mg/M3, calcd)
abs coeff (mm-1)
θ range for data collection
final R indices [I > 2σ(I)]a

68

2

6 4

2

200(1)
0.71073
monoclinic
P21/n
a ) 9.27870(10) Å
b ) 29.8874(4) Å
c ) 18.4486(3) Å
β ) 104.4139(6)°
4955.05(12)
4
1.644
5.891
3.55°-27.45°
R1 ) 0.0433,
wR2 ) 0.0969

144

228

12

18 12

200(1)
0.71073
monoclinic
P21/m
a ) 10.4887(2) Å
b ) 41.3852(10) Å
c ) 23.0853(6) Å
β ) 99.366(1)°
9887.2(4)
2
1.329
4.376
1.02°-22.00°
R1 ) 0.1099,
wR2 ) 0.2969
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4

Conclusion

Three triangular assemblies (7-9) were prepared in nearly

Kryschenko et al.

ft) and CPK model (right) based on the X-ray structure of 7. Nitrate anions are omitted for clarity.

Figure 1.3: CPK model based on the X-ray structure of supra-molecular triangles [17]

Utilizing the same concept other examples of discrete supramolecular self assembles are
supramolecular hexagon [18] supramolecular truncated tetrahedron [19] supramolecular platonic
dodecahedra [20].
Infinite Supramolecular Ensembles: This is periodic propagation of the components of supramolecular complex along one to three dimensional entities. Infinite supra molecular co-ordination

iewed down the a-axis. Hydrogens are omitted for clarity.

complexes been subject of much research for last three decades for the various practical application

r 3 and 7
3

N2O6P4Pt2

nic

7870(10) Å
8874(4) Å
4486(3) Å
4.4139(6)°
(12)

27.45°
0433,
) 0.0969
0662,
) 0.1058

7, the structure of which has been proven independently by
X-ray diffraction, and triangle 8 both gave (M - NO3)+, (M in molecular magnet
[21] electrical conductivity and super conductivity [22]
2NO3)2+, and (M - 3NO3)3+ peaks, with respective m/z ratios
C144H228N12O18P12Pt6
3957.56
of 3895.2, 1916.6, and 1257.0 for 7 and 3973.5, 1955.8, and
200(1)
1283.1 for 8. The (M - NO3)+ peak of 9 (m/z ) 5333.9) was
0.71073
1.6 Present Perspective
Delivery
Methods:
outside of of
the Gene
spectrometer’s
range.
Still, both the (M monoclinic
P21/m
2NO3)2+, m/z ) 2635.3, and the (M - 3NO3)3+, m/z ) 1736.0,
a ) 10.4887(2) Å
peaks were observed, confirming the proposed structure.
b ) 41.3852(10) Å
According
to molecular
modeling,
triangle 9 gene
should delivery
have a sideinto cells has attracted a great deal
c ) 23.0853(6)
Å
The development
of gene
carriers
for effective
β ) 99.366(1)°
length of roughly 3.5 nm and a cavity big enough to fit a guest
9887.2(4)
of approximately 1.3 nm in diameter. This, interestingly, makes
2
attention in recent
Most
of theassembled
efficient
widely used gene-therapy approaches is the use
1.329
it one ofyears.
the largest
triangles
to date.
7

4.376
1.02°-22.00°
R1 ) 0.1099,
viral vectors Conclusion
such as Retro viral, Lenti viral or Adeno viral vectors
wR2 ) 0.2969
Three triangular assemblies (7-9) were prepared in nearly
R1 ) 0.1817,
quantitative
yieldunfortunate
via coordination-driven
emwR2 )been
0.3550 disabled [23]. But
death ofself-assembly,
Gesse Gelsinger
in

2 ) [∑(w(Fo2 - Fc2)2)/∑(Fo2)2]1/2.

wed similar ESI-MS spectra,
ir triangular nature. Macrocycle

125, NO. 17, 2003

ploying a novel, rigid linker. To the best of our knowledge,
these represent the first instances of predesigned, supramolecular
triangles where a ditopic metal-containing acceptor subunit
serves as the 60° corner. The triangles are synthesized with
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neither the assistance of a template, nor are they in detectable

of
of

whose viral pathogenicity has
a gene therapy trial in 1999

underscored the safety issues of viral gene therapy vectors and emphasized the development of
effective other non-viral vectors. Oncogenic effects, unexpected immune response, endogenous virus
recombination are the common prevalent issues for viral gene delivery methods. Recent
development of non-viral gene therapy encompasses several physical methods like electroporation,
gene-gun, sonoporation, magnetofection and chemical methods such as dendrimer, inorganic
nanoparticles, peptide mediated delivery systems and lipid complexes. [24]
1.7

Lipid – DNA complex: Supra Molecular Assembly and Gene delivery:
Since the initial landmark studies by Felgnar et al [25] and Li and Huang [26] the continuous

development and modification of delivery efficiency of non-viral synthetic gene delivery systems
has recently undergone a renaissance. Experimental data on supramolecular assemblies demonstrate
that they are capable of forming cationic liposome (CLs) and transfect cells with desired gene while
this complex is mixed with vector DNA [27][28][16]. From a biomedical perspective these vesicles
or supramolecular complexes are classified as non-viral gene vectors used for the expression of
certain desired protein in the cellular host [29]. Presently, cationic-lipid-based carriers have emerged
as the most popular non-viral method to deliver genes in therapeutic applications. However, the
exact mechanism of DNA transfection into the cells by these cationic liposomes (CLs) is largely
unknown. One of the strongest hypotheses is a closed bilayer membrane shells of lipid molecules,
when mixed with DNA to form CL–DNA complexes with an overall positive charge, enhance
transfection as CL-DNA complexes and re-adsorbed more effectively to the anionic plasma
membrane of mammalian cells via electrostatic interactions [25, 28]. The low transfection
efficiencies of current non-viral gene delivery methods are the result of poorly understood
transfection-related mechanisms at the molecular and self-assembled levels.

6

1.8

Statement of Problem:
Synthesis of supramolecular complexes using non-covalent interactions like metal-ligand
coordination bond, hydrogen bond, π-π interactions is the most promising approaches to design
nanostructured materials. Our approach is to design molecular building blocks having highly
directional rich co-ordination geometries of transition metals to generate stable, discrete,
nanostructures. However, we have a limited number of applications to date where coordination
driven supramolecular ensembles play a functional role with the use of porous ensembles as gas
storage materials first demonstrated by Yagui [30] or self-assembled molecular capsules as chemo
selective nano-reactors by Fujita [31]. But to this date the considerable challenges for coordination
driven supramolecular complexes reported are
1. The ensembles are not stable in aqueous media or it is not soluble.
2. The structures are intrinsically inert having the dimension of not more than 6 nm due to their
entropic preferences to smaller ensembles.
In this work these above mentioned problems will be addressed by developing nanostructured
materials in water by creating coordination amphiphiles having the ability to integrate with other
molecular components and self-assemble into larger complex systems.

7

1.9 Objectives:

1. To overcome above mentioned limitations in coordination-directed self-assembly, we developed
building blocks that can combine the coordination ability of transition metals and generate self
assemble nanostructures having amphiphilic property in aqueous media. Our hypothesis is that this
synthesized coordination amphiphile having a positively charged transition metal (in this case Cu)
bonded by coordination interaction with hydrophobic organic ligands when introduced into aqueous
media it will produce micelles and liposomes through discrete supramolecular self-assembly.
However, we expect that this amphiphiles that generate micellar structures can form spherical
arrays between 10-50 nm or liposomal vesicle which is 50-500 nm structures in aqueous phase.
2. We will study the application of these nano structures for the DNA delivery systems as cationic
liposomes. To evaluate the DNA delivery property we will incorporate a specific gene in the
plasmid DNA and that DNA will be transfected to mammalian cells by the synthesized liposomes.
We will check the expression of this gene as this gives a bright green fluorescence after expression
in mammalian cells with the help of fluorescence microscopy.

8

CHAPTER 2: Design, Synthesis Metal-mediated Transfection Systems

In order to have self-assembled cationic supramolecular amphiphiles (molecules having a polar head
and a hydrophobic tail group) our strategy is to generate two levels of self-assembly: first level that
organizes the head-groups alone via coordination interactions and the second level of selforganization driven by hydrophobic-hydrophilic interaction. [16]

Hydrophobic group

Coordination-capable
head group

Hydrophilic group

Figure 2.1 Figure
: Schematic
diagramrepresentation
of coordination
amphiphiles.
[Diagram Courtesy: Alex Arzola]
3.1. Schematic
of a coordination
amphiphile
To achieve first generation of self assembly we will have a positively charged transition metal

Coordination
amphiphiles bonding
are molecules
designed
self-organize
and and for the
having co-ordination
interaction
withtoorganic
ligandsviaincoordination
the head group
hydrogen bonding
interactions
discrete
molecular
ensembles
that rangealkyl
in sizes
in
amphiphilic
propertyinto
of the
molecule
we will
have a saturated
chain<10
as nm
hydrophobic
group.
aprotic solvents.
[16] However, we hypothesized that when these amphiphilic complexes are
introduced into aqueous media, they will undergo through a second-generation self-assembly
2.1 Ligand Design and Synthesis of Co-ordination Amphiphile:
event that will produce nanoscopic micelles, liposomes, or lamellar structures with
One of
the primary
criteriacomplexity
in the selection
of thesurface.
ligand isSince
that itmicellar
should have
the capability
of being
unprecedented
levels
of molecular
at their
structures
are
functionalized
with hydrophobic
alkyl
chains
retaining
its 3-7
ability
forming
single layered
spherical arrays
of amphiphiles
that
rangewhile
in size
between
nm,ofwe
expectcoordination
the
interactions
with that
transition
Wetochose
the ligand
1, 4, 7-triazacyclononane
coordination
amphiphiles
adoptmetal
such Copper.
structures
be within
a similar
size range. The (TACN)
(Sigma
98% pure)
havingorthree
secondary
capable ofcomposed
forming coordination
bond
amphiphiles
that Aldrich
would form
liposomes
vesicles
will amines
be nanospheres
of the

amphiphilic bilayers that separate an aqueous internal compartment from the bulk aqueous phase
9
and range in size between 50-500 nm. Those that form lamellar structures, which consists of
amphiphilic bilayers two-dimensional structures, would range in sizes that depend on the

with Copper. Copper was used due to rich coordination capabilities and biocompatibility.
2.2

Synthesis of 4-pyridyl methyl palmitate:

Synthesis of 4-pyridyl methyl palmitate was achieved by substitution reaction between 4pyridinemethanol (Sigma Aldrich) with palmitoyl chloride (Alfa Aesar). First, 0.506g 4pyridylmethanol was deprotonated by tri ethyl amine (1:1 ratio), in 20 ml of chloroform and mixed
at room temperature for one hour. This reaction showed bubbling then turned dark and cloudy in
appearance. Upon 4-pyridinemethanoate formations palmitoyl chloride (0.506g) was added in the
same molar ratio, which caused a change in color to a light translucent yellow, and reaction was
refluxed for 12hrs under same condition. The resulting mixture containing 4-pyridyl methyl
palmitate was treated with a water workup, dried and resulting mixture separated with normal phase
chromatography column. The yellow oily compound was recovered in 72% yield.

Synthesis of 4-Pyridyl-Methyl-Palmitate
N
O

+

OH

N

Cl

+

Et3N

R'

R'=C15H31

1.CHCl3
(20 mL)

O

O

R'

4-Pyridyl-Methyl-Palmitate

Figure 2.2 : Synthesis of 4-pyridyl methyl palmitate
1

H NMR (600 MHz, DMSO-d6) δ 8.52 (d, J = 5.5 Hz, 2H), 7.30 (d, J = 5.5 Hz, 2H), 5.22 (s, 2H), 2.37

(t, J=12 Hz, 2H), 1.52(quin, J=6 Hz, 2H).1.32-1.09(m, 24H), 0.81(t, J=8.0 Hz 3H)
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Figure.2.3: NMR Spectrum of 4pyridyl-methyl-palmitate.
Solvent DMSO peak recorded at 2.46. Doublet peak at 8.5 for ortho adjacent to Nitrogen. At 7.32
doublet peak for H atoms at meta position of piridyl group. At 5.10 singlet peak for the H atoms of
methyl group. 0.9 ppm resembles with primary alkyl chain. Peaks from 1.12 to 2.9 are for C15 alkyl
chains.
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Figure 2.4: IR spectrum of 4-pyridyl-methyl-palmitate. Spectrum shows the disappearance of the
alcohol stretching signal at 3600 cm-1. Instead the 1738 and 1250 cm-1 peaks arising from the
carbonyl stretching frequency and C-O for an ester group. Finally, the bands at 2800 cm-1 come from
the stretching frequencies of the long alkyl chain in the surfactant (IR: 2916s, 2848s, 1737m, 1704m,

12

1620w, 1472m, 1391m, 1374w, 1346w, 1311m, 1289m, 1266m, 121m, 1176m, 1015w, 942w, 894w,
801m, and 719 cm-1 m.

Synthesis of Co-ordination Amphiphile:
Formation of the metallo-surfactant was accomplished by reaction of 1,4,7-triazacyclononane, Copper
(II) triflate and 4-pyridyl methyl palmitate in 1:1:2 molar ratio .A solution of 0.07305 g of Cu (II)
(OTF) 2 dissolved in acetonitrile was added drop wise with 0.026 g of TACN at room temperature with
continuous stirring. Subsequent drop wise addition of 0.1044 g of 4-pyridyl methyl palmitate dissolved
in ACN in inert condition for overnight at room temperature with continuous stirring. Co-ordination of
the surfactant with metal caused the solution to change into dark blue. Metallo-surfactant was purified
through reverse-phase chromatography in 84% yield. This coordination complex was kept as
chloroform stock at -20oC.
Cu(II)C50H99N5O4+(OTF)2"

30#ml#ethyl#ether#

MW:±1047.73g/mol
%"Yield:"113.33"%"

Figure 2.5 : Synthesis of (1,2)Di-4-Pyridyl-methyl-palmitate-(3,4,5)triamine-cuprate molecule
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Figure 2.6: ESI MS of (1,2)Di-4-pyridyl-methyl-palmitate-(3,4,5) triamine-cuprate. Formula weight
1047.7 g/mol
The metallo-surfactant was ionized in positive mode on a ESI-MS system. The compound was diluted
to 0.1mM concentration and introduced into the Mass Spectrometer through a nitrogen gas stream.
Proceeding signal calibration with a standard, the signal was spotted as a +3 species at 348.3, and the
isotopic distribution matches that of a copper compound confirming the formation of the coordination
compound.
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Figure. 2.7: IR of (1,2)Di-4-Pyridyl-methyl-palmitate-(3,4,5)triamine-cuprate:
The presence of the two ester C=O stretch at 1737 and 1704 cm-1.amine groups introduced by 1,4,7triazacyclononane molecules is complemented by the signal at 1200 cm-1 from the C-N stretching. The
bands at 2800 cm-1 are from the stretching frequencies of the long alkyl chain in the surfactant.
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Figure 2.8: X-ray Crystal Structure of the Head group of Cu Amphiphile

Figure 2.9 : Unit Cell crystal structure of Cu Amphiphile
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2.15

Cyclic voltammetry:

Electrochemical experiments were performed with a BAS CV 50 W voltammetry analyzer in 0.5 M
Bu4NPF6/CH2Cl2

using

a

non-aqueous

Ag/AgCl

reference

electrode

for

which

the

ferrocene/ferricenium couple occurs at 2.00 V. Platinum (Pt) auxiliary electrode, liposomal solution, Pt
working electrode and Ag/AgCl
electrode
were used forEnsembles
the experiment.
Redoxreference
Property
for Liposomal

Cyclic voltammetry

Figure : 2.10: Cyclic Voltammogram to show irreversible reduction nature of the Cu-tridentate
liposomal solution
The cyclic voltammogram of 1 mM Copper amphiphile liposomal solution as shown in Figure 3.8
exhibits a irreversible response on around -1.0 V in respect with reference electrode which can be
attributed to a Cu (II) to Cu (I) reduction process. The higher reduction potential suggests that the
liposomal solution is stable in aqueous environment and from the irreversibility of the peak it can be
interpreted that while the electro chemical reduction from Cu (II) to Cu (I) the structural integrity of
the liposomal ensembles changes so that after the delivery of DNA to the cell liposomal complex
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cannot bind with the DNA reversibly. However, the exact mechanism of reduction of the liposomeDNA complex reduced by intercellular enzymes is not yet elucidated.
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CHAPTER 3: Self-assembly and Biological Properties

To overcome fundamental problems (i.e.: Immunological, Cost Effectiveness) with viral vectors in
DNA delivery [38] recently various synthetic approaches have been applied. Toxicity and stability of
DNA condensates of quaternary ammonium surfactants as synthetic DNA delivery agents [39]
stimulated the research on this group of compounds for better control over stability and
programmability of DNA lipoplexes for increasing the efficiency of in vivo gene delivery application,
for example gold/silica nano-particles [39] dendrimeric polyamido-amines [40]. From our laboratory
we first reported a new class of metal mediated supramolecular complexes, which are capable of
delivering polynucleotide in eukaryotic cells [16].
Here in this work we have characterized the ability of forming liposome and lipoplexes with this
metal mediated co-ordination amphiphiles in vitro and further we have evaluated the transfection
efficiency of a desired polynucleotide [GFP gene] into mammalian cells.

3.1

Preparation of Metallo-Liposomes:
For the formation of liposomes from the coordination amphiphiles we followed reverse phase

procedure for the formation of liposome [32][33]. In this procedure first the sample was dissolved in
the chloroform then a solution of water was added (CHCl3:H2O 1:100 v/v). The dispersion is
sonicated for 3-5 minutes with a 4710 Cole Palmer bath type sonicator at 60 Watts for five minutes
until the mixture becomes a homogenous light blue opalescent dispersion that does not changes or
separated out for at least 30 minutes after sonication. After this, the remaining organic solvent CHCl3
is removed under reduced pressure by rotary evaporator at 35 °C, rotating at approximately 120 rpm
for 5-10 minutes. During this time as the majority of the solvent removed results in a solution that at
first is viscous liquid and subsequently turns out as aqueous homogenous suspension. Final volume
was adjusted with water to get 1 mM of liposomal solution in aqueous phase (DI H2O).
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3.2

Extrusion for liposomal sample preparation:

Avanti Polar Lipid mini extruder does extrusion with 0.1μm polycarbonate membrane fitted inside
of the fully assembled extruder apertures. Prepared homogenous suspension is loaded into one of the
gas-tight syringe and placed into one end of the extruder.

Figure 3.1: Extrusion with Avanti polar lipid mini extruder [Picture taken by: Sarit Pal]
Then fully assembled extruder apparatus is inserted into the extruder stand. With the gentle push of
the plunger lipid solution is completely transferred to the alternate syringe and in the next step the
alternate syringe to back in the original syringe. This process is repeated 5 times (total 10 pass
through the membrane). Extrusion is done in normal room temperature. The resulting liposomes
were characterized transmission electron microscopy (TEM) and dynamic light scattering (DLS). All
the biological experiments were done on same day of the preparation.
3.3

Critical micelle concentration (CMC):

The concentration in which a lipid nanoparticle starts to form aggregate in solutions called CMC.
CMC was determined by using a hydrophobic dye, Nile Red (sigma Aldrich) [34] and the
aggregation is measured by Fluoroskan Ascent F1 fluorometer (Thermo Electron Corp.). Solutions
were monitored at 640 nm on a Fluoroskan micorplate reader with an excitation wavelength of
530nm. The readings integration time was set to be 100 ms. Stock Nile red solution in water was
20

Fluorescence (R

0.04
0.03

prepared by 0.02
diluting 400 μl of a Nile Red solution in acetone (1mg/ml) to 9.6 ml of water. Sample
preparation was carried out by mixing 20 µl (.04mg/ml) of the Nile red stock solution were added in
0.01

each well of a 96 well black plate for fluorescence experiments. The concentration of amphiphile
0
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Figure A.21.
3. 2: CMC
ofof
Cu-tridentate
using complexes.
Nile red probe
Nile red preferentially solubilizes itself99
into the hydrophobic environment [41] [42] and gives
fluorescence in 530 nm excitation wavelength; therefore fluorescence intensity of Nile red shows
dependence on the solvent environment. Below in this CMC graph states the fluorescence of Nile
red as a function of the concentration of solution of Cu amphiphile. Value for CMC is determined
where the fluorescence starts to increase proportionally to the concentration of test amphiphillic
complex. In the absence of micelles Nile red disperses in the polar environment (water) and the ratio
of fluorescence emission intensities of the first peak is very low. Above critical micelle
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concentration of this complex, which is 50 μM, Nile red molecules insert into the hydrophobic
domains of the core of the micelles and the fluorescence intensities increased.

3.4

Dynamic Light Scattering:
Dynamic light scattering (DLS) is an ideal technique for studying the hydrodynamic radius of

surfactant micelles because this allows measurements to be made of the sample’s native environment
[35]. DLS was performed on PD2000 DLS Plus (Precision Detectors) at 20 °C, scattering angle of 90
°. The data collected and analyzed using the software Precision Deconvolve 4.5. Here 50 μM aqueous
dispersions of extruded and unextruded Cu-complexes were measured.

Figure: 3. 3:

Correlation analysis and DLS of Cu amphiphile unextruded liposomal sample
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Figure: 3.4: Correlation analysis and DLS of Cu amphiphile liposomal sample extruded through 100
nm pore size membrane.
Over the past few years Dynamic Light Scattering is considered one of the best techniques for the
study of micellar, emulsion or nanoparticles [35][43] as it allows particle size down to 1nm
diameter. As prepared micelle solution was in aqueous phase, refractive index of water was used at
20 °C. First the hydrodynamic radius of unextruded 1 mM liposomal solution was measured which
shows large array of distribution of liposomal ensembles having approximate average diameter of
500 nm (radius: 247 nm). In order to get uniform liposomal ensembles the sample solution was
extruded with 0.1μM polycarbonate membrane. The measurement of the extruded sample shows
smaller array of size distribution and having an average hydrodynamic diameter of 92 nm liposomal
ensembles in the solution.

3.5

Negative staining transmission electron microscopy:

A drop of a water-diluted suspension of the liposomes (50 μM) was placed on a 200-mesh formvar
copper grid (TABB Laboratories Equipment, Berks, UK), allowed to adsorb and the surplus was
removed by filter paper. A drop of 2% (w/v) aqueous solution of Uranyl acetate was added and left in
contact with the sample for 5 minutes (initially, we tested different concentrations of Uranyl acetate
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solution; the condition applied in this study was the most suitable to maintain the integrity of the
sample during the preparation). The surplus water was removed and the sample was dried at room
conditions before the vesicles were imaged with a TEM operating at an acceleration voltage of 200
KV (JEOL-3200 FS, 300 KV)

Figure: 3.5: The transmission electron micrograph of the liposomes prepared by dye solubilization
Method

Transmission electron microscope is widely used for the determination of the size and
morphological characteristics of liposome [44] [45]. A 100 μM extruded liposomal sample solution
was used for negative staining TEM images. The sizes of prepared liposomal particle were varied
from the range of 45-80 nm. The vesicles change their lamellarity, size, size distribution and shape
with time as because metastable nature of liposomal solution and the state of free enthalpy of the
liposomes are not in equilibrium with the solution environment [46].
3.6

Lipoplex Formation:
Some of the DNA-lipoplexes can be formed within the visualization threshold of confocal optical
microscopy [47]. To demonstrate that the complex is formed from DNA and liposomes, selective
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fluorescent probes were added. For instance, Nile red a lipophilic stain (Sigma Aldrich, Ultra pure
grade), which shows a red fluorescence only in the presence of a hydrophobic bilayer, was used to
observe selectively the liposome and SYBR green (Life technologies S-7585), which shows green
fluorescence when bonded to double stranded DNA, was used to see the plasmid. 50 µl SYBR green
solution (1:1000 dilution by DMSO) is mixed and incubated with 1 µg of pEGFPN1 DNA in room
temperature. On the other hand 1mM Nile red stock solution was prepared with anhydrous DMSO.
25 µl sonicated solution of 500μM compound is incubated with 25 µl Nile red solution. Both of
these two solutions having DNA and Liposome stained with their respective dye thoroughly mixed
and incubated in a 37ºC water bath for 20 minutes and 20 µl of the solution mixture is aliquot onto a
clean slide and a cover slip is applied over it. Images were obtained Zeiss LSM 700 Confocal
Microscope and the program ZEN 2009 processed digital images.

Figure: 3.6: DNA-Lipoplex stained with Nile red and CYBR green a) Green fluorescence for
pEGFPN1 DNA b) Bright field

c) Red fluorescence for amphiphilic molecule d) Co-localization

of pEFPN1 DNA and Cu amphiphile
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In order to demonstrate the DNA-Lipoplexes we have used two different fluorescent probes, which
are have different excitation and emission wavelength [16]. Nile red (excitation and emission wave
length of 530 nm and 605 nm respectively) shows red fluorescence in the presence of hydrophobic
bilayer and CYBR green (excitation and emission wave length 380 nm and 520 nm respectively),
which emits green fluorescence when it binds with double stranded DNA [48]. The co-localization
of green fluorescence and red fluorescence depicts the binding of the Cu-tridentate with the
pEGFPN1 DNA while forming lipoplex. From the co-localization of green signal for pEGFPN1
DNA molecules and red signal for Cu mediated amphiphilic molecules it can be interpreted that the
physical structure of lipoplex consist of amphiphilic molecules in the core surrounded by negatively
charged DNA molecules on the vesicle periphery.

3.7

DNA Mobility Shift Assay:
Interaction between DNA and any molecule forming a DNA complex are investigated by observing
the retardation of DNA migration using Agarose gel electrophoresis [37]. Intercalation or binding of
a chemical compound to DNA molecules results in decreased mobility of complexes after
electrophoresis. The experimental reaction mixtures, having 10 µl total volume each, containing
final concentration of 1mM and 50 μM of Copper Tridentate solution and 50 µM of Copper
amphiphile extruded liposomal sample solution were mixed with 500 ng of plasmid DNA
(pEGFPN1) in PBS pH 7.4 and further incubated by 30 min at 37ºC. A 2 µl of 6X gel loading buffer
is added in each reaction mixture tubes placed on ice. The samples were analyzed by using 1 %(w/v)-Agarose-gel electrophoresis dissolved in TAE buffer (0.04 M Tris base, 0.04 m acetate and
0.001 M EDTA) pH 8.0. Ethidium bromide was present in the Agarose gel electrophoresis at a
concentration of 0.5 µg/ml, for DNA staining purposes. Gel electrophoresis was done at 80V for 90
minutes. DNA was visualized with gel documentation systems and a picture captured under UV26

light trans-illuminator (Alpha Innotech, San Leandro, CA). As a positive control, well known DNA
intercalating compound, 4', 6-diamidino-2-phenylindole (DAPI) 2.5 µl mixed with 500 ng pEGFPN1
plasmid solution was incubated and as a negative control we used only 500 ng of plasmid.

Figure: 3.7: DNA mobility shift assay: Potential binding of the amphiphilic complex with the DNA
molecule.
Under the conditions described before the result suggests that 50 μM liposomal solution has binding
activity against pEGFPN1 plasmid DNA [37]. Migration of negative control (only DNA) is highest
and same with 1 mM and 50 μM compound solution incubated with DNA. It indicates that
compound solutions do not bind with DNA thus shows no migration shift. DNA migration depends
on the molecular mass and voltage applied on the Agarose electrophoresis field. Comparing the data
with the positive control [DAPI, a DNA intercalator] figure 3.6 shows that 50μM Cu-tridentate
liposomal sample solution has DNA binding activity, which causes lesser migration of pEGFPn1
DNA than 1 mM, 50 μM compound solutions and negative control.
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3.8 Bacterial Transformation:
Bacterial transformation is the process where plasmid DNA [pEGFP-N1] introduced into competent
E.coli BL21 cell to get an amplified copy of the particular plasmid DNA for the transfection in
mammalian cells. pEGFP-N1 encodes a red-shifted variant of wild type GFP gene which is
optimized for green fluorescence and higher expression rate in mammalian cells.
Preparation of competent cell:
To start with 5 ml preculture is prepared from E.Coli BL21 cells from -80 °C glycerol stock. From
this preculture a 50 ml culture was grown for OD up to 0.3 units. The pellet was collected after 15
minutes 8000 rpm centrifugation. With 12 ml transfer buffer having CaCl2 solution, pellet was resuspended for over night at 4 °C with gentle shaking. The re-suspended solution was centrifuged
with 8000 rpm for 15 minutes. Again the pellet was re-suspended for 2 h with 1 ml transfer buffer 2
having CaCl2. The cell suspension was aliquoted as 500 µl volumes.
Bacterial Transformation:
An 0.5 µl of 100 ng/ µl pEGFP-N1 (Clontech) plasmid added at 4 °C thawed E.Coli BL21
competent cell suspension aliquot and incubated for 1 hour. Then the tube having the aliquot is
transferred in 42 °C water bath for 60 seconds and immediately it is placed in to the ice bucket. A
500 µl SOC media (485 µl SOB, 10 µl glucose and 5 µl MgCl2) is added into the aliquot and
incubated for 1 hour in 37 °C for inducing higher growth in bacterial colony culture. As the plasmid
has kanamycin resistance gene only transformed bacteria can form bacterial colony in culture Petri
dish.
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3.9

Plasmid Purification:
A 5 ml pre-culture was prepared by incubating bacterial colony from the plate at 37ºC for overnight
in LB broth media. Pre-culture was added to 1000 ml LB media for the preparation of bacterial
culture incubated in same conditions. Plasmid DNA was isolated with the Maxi prep as well as
Mini prep ( Qiagen) plasmid purification kit. To identify the isolated pEGFPN1 plasmid vector
Agarose gel electrophoresis was done where we have used Lambda DNA marker. Plasmid
concentration was further determined by Nanodrop (Thermo Scientific ND 2000). By Miniprep
(QIA gene) we determined the concentration of DNA was 112 ng/μl and by Maxiprep the
concentration of DNA was 4.6 μg/μl from 1liter bacterial culture.

3.10 Cell Culture and Preparation for Differential Nuclear Staining Assay:
Human Embryonic Kidney cells (HEK 293 T, American Type Culture Collection, Manassas, VA)
were cultured using DMEM medium (Hyclone, Logan UT), supplemented with 10% fetal bovine
serum (FBS; Hyclone), 100 U/ml of penicillin and 100 µg/ml of streptomycin (Lonza, Walkersville,
MD). Cells were grown around 70% of confluence by using tissue culture flasks (BD Falcon,
Franklin Lakes, NJ) and proceeded to prepare experimental micro plates, as described below. The
incubation conditions of the cells were at 37ºC in humidified 5% CO2 atmosphere. Immediately
before to prepare an experimental multiwell plate, cells were extensively washed with fresh media,
to remove debris and floating cells, which correspond mainly to dead cells. Harvested, cells were
counted using Neubauer chamber and seeded at density of 100,000 cells per well in l ml or 100,000
cells/well/ml with complete media, utilizing 24 well plate and 10,000 cells per well in 96 well plate
(BD Falcon).

29

3.11

Differential Nuclear Staining/ High Throughput Screening:

For the analysis of the percentage of live and dead cells after the exposure of the Copper tridentate to
the cells we have used a live cell imaging technique, which captures automated images in real time
and very reliable fast quantitative analysis. In this study bio-imager system (BD Pathway 855; BD
Biosciences, Rockville, MD) was utilized to ascertain cell death after the use of a differential nuclear
staining (DNS) assay, which was recently validated as high throughput screening (HTS) assay [36].
Cells into a 96-well plate prepared as described above were incubated overnight to allow cell
attachment. Subsequently, cells were exposed to a gradient of concentrations of the experimental
compounds (2.5 mM, 1 mM, 500 µM, 50 µM, 5 µM, 1 µM) and incubated by additional 24 hrs.
Briefly, cells were stained with a mixture of two nucleic acid intercalating fluorescent dyes, Hoechst
33342 (Hoechst; Invitrogen, Eugene, OR) and Propidium iodide (PI; MP Biomedicals, Solon, OH), 1
h prior to image recording. As positive control for cytotoxicity, cells treated with 500 µM of H2O2;
and as negative control, untreated cells, to determine the background of cell death provoked by cell
manipulations and inherent features within the cell culture system. Each experimental concentration
repeated in quadruplets. Live-cell images were captured directly from a tissue culture multiwell
plate utilizing the bio-imager system. To acquire suitable numbers of regions of interest (ROIs =
cells) for statistical analysis purpose, montages (2X2) from four adjacent image fields were acquired
per well utilizing a 20X objective. To determine the percentage of cytotoxicity from each individual
well, the captured image data was analyzed with AttoVision v 1.6.2 software (BD Biosciences),
especially designed to assist the Bio-imager system.
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Figure: 3. 8: A portion of overlay images of cells used to determine the percentage of cytotoxic
activity. a. Negative Control

b. Positive Control

c.1.25 mM Cu amphiphile soln treated cell

Nuclear staining strategy is useful and versatile technique to analyze survival and death of cells
Figure 3.8 addresses the differential nuclear staining assay (DNS), presented here [49]. We have used
Hoechst dye, which is permeable to membrane of all nucleated cells, and Propidium iodide is only
capable of staining dead cells due to the membrane disruption after cell death. Co-localization of
Hoechst and PI stained cells gives a nuclear fluorescence signal that is a magenta color. Figure a
shows the live cell imaging of untreated cells, which is negative control. Most of the cells give only
blue fluorescence due to the membrane permeability of Hoechst dye but red fluorescence for PI is
detected negligible which indicates most of the cells are alive. In the positive control we have used
500 μM H2O2 which is cytotoxic, causes change in the permeability of the cell membrane, and finally
leads to intercalation of nuclear DNA with PI causing a magenta fluorescence [Figure b] for the colocalization of blue [for Hoechst] and red [for PI]. Figure C represents the cells having 2.5 mM final
concentration of Cu tridentate solution showing more than 50% cells death as there are colocalizations [magenta] of the fluorescence for PI and Hoechst.
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Table: 3. 1: Dose response curve of Cu tridentate solution on HEK 293T cell line. For these
analyses, cells were exposed for 24 h to various concentration gradient of experimental compound as
indicated in the x-axis; where as in the y-axis it represents the percentage of cytotoxicity (dead cells).
Each experimental point represents the average of four replicas and error bars the corresponding
standard deviation.

To measure the exact CC50 concentration, percentage of cell death was analyzed with 1, 5, 50, 500
μM and 1, 2.5 mM final concentration by High throughput screening. The calculated value for CC50
for Cu amphiphile solution is 1.28 mM.
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3.12. Transfection Experiment:
The day before transfection experiment 1X10 5 HEK 293 T cells per well were seeded into 24 well
tissue culture plate and grown overnight to 80-90% confluence. The day of the transfection the
growth media from the well is removed and 500 µl fresh media is added. Turbofect (Thermo
Scientific) was transfection reagent used in positive control and the negative controls the cells were
untreated and treated with 1 µg of pEGFPN1 DNA. Each experiment was repeated intriplicate with
different dilution of liposomal solution including the controls. For positive control DNA solution
was prepared by dissolving 1 µg pEGFPN1 in 100 µl of serum free DMEM media. 2 µl of
transfection reagent was added and briefly vortex was done as described by reagent protocol. The
solution was incubated for 15 minutes. For experimental we have used 1 mM, 500 µM, 100 µM, 50
µM, 10 µM, 5 µM and 1 µM liposomal solutions. 1 µg pEGFPN1 DNA was dissolved in 5 µl PBS
buffer. DNA solution is then re-suspended and incubated with 5 µl of each different concentration at
4 ° C for 25 minutes. 50 µl of serum and antibiotic free DMEM media was added and vortexed. The
prepared solution added drop by drop into each cell well. Gently the cell plate is rocked for even
distribution of the complexes immediately after adding the reagents. Cells were incubated at 37 °C
5% CO 2 incubator for 24 hours after the transfection experiment. To evaluate the transfection Zeiss
Fluo Tec Fluorescent microscope was used. To evaluate the transfection efficiency 24 well cell plate
was incubated more 24 hours after the microscopy to get the optimum expression of GFP gene.
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Figure: 3. 9: Transfection Experiment:
Figure: 3.9. A: Positive Control (Turbo-Fect):

Figure: 3. 9. B: Negative Control:

Figure: 3. 9. C: Experimental: 50 μM Liposomal soln [Optimal Transfection]:

Figure: 3.9. D: Experimental: 10 μM Liposomal Solution :

Bright Field

Fluorescent

Merged
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Analysis of Transfection Experiment:
As the main aim of the study was to evaluate the potential for the delivery of pEGFPN1 DNA to the
cells, different concentration of liposomal solution along with various methodologies were applied.
Previously mentioned [2.13] methodology showed optimal result having significantly less variation in
transfection result. As we know pEGFPN1 plasmid having GFP gene encoded in it the successful
delivery of the plasmid to the host (HEK 293T Cells) can initiate intracellular machinery for the
transcription of GFP gene to produce GFP protein, which can emit fluorescence, and with the
fluorescence optical microscopy positive transfection can be captured. Positive control (plasmid DNA
with Turbofect transfecting reagent Fig: 3.9.A) emits green fluorescence where as negative control
(only plasmid DNA no vehicle added Fig: 3.9.B) emits no such signal. In the experimental 1 mM, 500
µM, 100 µM, 50 µM, 10 µM, 5 µM and 1 µM liposomal solutions were added with pEGFPN1 DNA
to the cells. After 24 hours of incubation it was noted that cells transfected with 50 µM liposomal
solution (Fig: 3.9.C) has optimal green fluorescence in comparison with 100 µM and 10 µM (Fig:
3.9.D) liposomal solution. Although the solution with 1 mM, 500 µM, 5 µM, 1 µM liposomal solution
showed less transfection of DNA. In the pictures the bright field shows all the cells in the optical field
but fluorescent field signifies only the GFP expression. Whereas in merged optical field describes the
source of GFP signal from the transfected cells, as well as, entire cell population in the optical field.
3.13. Flow Cytometry Analysis:
HEK 293 T cells on a 24-well plate format, prepared as described above, were incubated overnight in
absence of experimental compounds to promote attachment, followed by exposure to 1 mM, 500 µM,
50 µM, 10 µM, 1 µM compounds and then incubated for 24 h. Cells were collected as previously
detailed (Varela-Ramirez et al 2011). After gentle homogenization, cells were immediately analyzed
via flow cytometer (Cytomics FC500; Beckman Coulter, Miami, FL). Data acquisition and analysis
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performed by using CXP software (Beckman Coulter, Miami, FL).

Cells treated with 2 µl of

Turbofect considered as positive control and untreated and 1 µg/ml of DNA treated cells were used as
negative control. One-parameter dot plot histograms divided in four quadrants were used to obtain the
percentage of transfected cells. In this study, the percentage of transfected cells is defined as the
number of cells gives GFP signal at the bottom right quadrant. Percent of cells having no transfection
or no GFP signal are in the bottom left quadrant. The flow cytometer acquisition settings were as
following: for GFP, FL1, whereas FL2 detector, plotted at x-axis versus y-axis, respectively.
Approximately, 10,000 events were acquired and analyzed per individual sample using CXP software
(Beckman Coulter).

A. Negative Control Untreated

D. 50 µM Liposomal Soln

B. Negative Control only DNA

E. 100 µM Liposomal Soln

F. 10 µM Liposomal Soln

C. Positive Control

G. 1 µM Liposomal Soln

GFP Signal

Figure: 3.10: Cu Tridentate 50 μM liposomal solution (Fig: D) showed significant GFP signal in
comparison with positive control. The data indicates 50 μM liposomal solution has the better
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transfection efficiency as compared to the other concentration of experimental solutions. The green
fluorescence was examined via flow Cytometry assay. Figure a-g represents one parameter flow
cytometry histograms used to determine the percentage of cells having green fluorescence. Fig A and B
are the negative control. Fig C is positive control. Figure D-F are the histograms of different
concentration of liposomal solution having positive transfection in HEK 293 T cells.

Estimation of Transfection Efficiency:
Fluorescence-activated cell sorting (FACS) is used to assess the percentage of transfected cells able to
emit green fluorescence by different concentration of liposomal solution after transfected with
pEGFPN1 plasmid DNA. Here single gated FL1 detector was used for the detection of fluorescence to
characterize percentage of cellular transfection. Right bottom quadrant of each histogram shows
percentage of transfected cells, which emits green fluorescence, and left bottom quadrant signifies
percentage of the cells where no green fluorescence detected. The result of FACS assay signifies that
50μM liposomal solution shows highest green fluorescence (optimal transfection efficiency) in
comparison with 1 mM, 500 μM, 100 μM, 10 μM, and 1 μM liposomal solution.
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Table: 3. 2: The bar diagram depicts that 2.84% of total cell population were transfected with
pEGFPN1 DNA by 50 μM liposomal solution where as in positive control 3.67 % cells were
transfected among the total cell population. Other concentrations of liposomal solution, 1 mM, 500 μM,
100 μM, 10 μM, and 1 μM showed less transfection efficiency.

The process by which Liposomes get introduced into the cell cytoplasm is mainly endocytosis [25].
The binding of the molecules with the intra cellular receptor depends upon the concentration of the
particular molecule present in the endocytotic vesicle [55]. Though here we have not studied the
receptor-ligand exchange kinetics but it can be hypothesized that at 50 μM liposomal solution can
optimally bind with the intracellular receptors for liposome mediated transfection here in this case.
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CHAPTER 4: Future Direction and Conclusion

Transfecting mammalian cells with polynucleotides (DNA or si-RNA) are a significant tool for gene
therapy and the future of modern medicine [24]. Presently, viral gene carrier systems have profound
disadvantages and lower base pairs of gene carrying capacity. So, a significant thrust is being given to
the development of efficient synthetic delivery systems, which are efficient, less cytotoxic and cost
effective [26].
Cationic lipid/DNA complexes (lipoplexes) are being used for the clinical trials in cancer [50] and
cystic fibrosis [51] and this group of complexes validates the concept of human gene therapy. Since
the first description by Felgnar et al [25] in 1987 the last 15 years have witnessed a substantial
progress in the application of synthetic delivery systems of cationic lipids [52]. However, lower
transfection efficiency and the mechanism of delivery of polynucleotides to the cells is still remains
unclear, which renders a difficult task for the further development and design of such molecules.
In 2007 Campa et al [16] first described a novel group of co-ordination capable amphiphiles that can
function as gene delivery system and can aggregate with DNA to form lipoplex as well as liposome
through supramolecular self-assembly. Following the same direction of metal mediated gene
transfection here in this study we have shown that coordination-capable head-group having Cu
transition metal in its structure are able to self-assemble via coordination and hydrophobic-hydrophilic
interactions with aliphatic chains. The amphiphillic nature of these molecules generate a discrete
pattern of supramolecular self assembly in aqueous phase by forming liposomes as well as lipoplexes
with DNA which are stable and can form ensembles having an average diameter of 45-80 nm.
Further we have validated the efficiency as DNA delivery vectors by transfecting GFP reporter gene in
the mammalian cells. Transfection efficiency was measured with fluorescent microscopy and flow
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cytometry. Here in we report that 50 μM Copper tridentate liposomal solution can transfect 2.84% of
total experimental HEK 293T cell population where as comparatively low cost transfection reagent
Turbofect (Thermo Scientific) can transfect 3.67% of cell population.
The cytotoxic effect of these compounds was also studied. The CC50 of Cupper Tridentate molecules
noted as 1.28 mM, which implies significantly less cytotoxicity to HEK 293T cells as transfection
reagent. During the transfection experiments nearly no cellular blebbing or cellular detachment were
noticed.
In a conclusive note, the science of non-viral gene delivery systems especially ‘Cationic Liposomal’
gene delivery is still in its infancy. Continuous increasing trend of gene therapy [53] in modern day
medicine has initiated the demand for novel synthetic gene delivery methodologies, which indicates
more efforts in trial and errors for the search of those ‘Magic Cationic Lipid Complexes’. For further
improvement of these delivery system a better understanding of cellular barrier and mechanism of
polynucleotide uptake by cells need to be elucidated. On other hand synthesis of molecules having less
cytotoxicity, increased biocompatibility, efficient gene carrying potential as well as auxiliary lipid
molecules for the stability of liposomes should be carefully considered. As different potential
approaches are explored, new developments are introduced, the significant improved delivery systems
will emerge which ultimately advance the path of modern day cost effective genetic medicine.
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CHAPTER 5: Biological Properties for Pyridinium surfactants

We are developing derivatives of quaternary pyridinium salts with monodentate and bidentate metal
chelating groups and study their self-assembly and biological properties. Here we will emphasize on
the biological properties of alkylated quaternary pyridinium salts. With the help of high throughput
screening and live cell imaging we investigated the dose response ratio of the compounds to the
cultured HeLa cells. Here we demonstrate that one of these novel quaternary pyridinium complex not
only shows cytotoxicity in a moderate value of CC50 but also capable of inducing apoptotic pathways
in the cancer cells without disrupting mitochondrial membrane potential.
Cell Culture and Preparation Differential Nuclear Staining Assay:
Human cervical carcinoma HeLa cells (American Type Culture Collection, Manassas, VA) were
cultured using DMEM medium (Hyclone, Logan UT), supplemented with 10% fetal bovine serum
(FBS; Hyclone), 100 U/ml of penicillin and 100 µg/ml of streptomycin (Lonza, Walkersville, MD).
Cells were growth around 70% of confluence by using tissue culture flasks (BD Falcon, Franklin
Lakes, NJ) and proceeded to prepare experimental micro plates, as described below. All the time the
incubation conditions of the cells were at 37 ºC with humidified 5% CO2 atmosphere. Immediately
before the preparation of experimental multiwell plate, cells were extensively washed with fresh
media, to remove debris and floating cells, which correspond primarily to dead cells. Adherent/live
cell population were detached by addition of 0.25% trypsin solution (Invitrogen, Carlsbad, CA),
diluted in serum free DMEM medium, and incubated for approximately 10 min at 37 °C. After
harvested, cells were counted using Neubauer chamber and seeded at density of 10,000 cells per well
in 200 µl or 100,000 cells/well/ml with complete media, utilizing 96-well plate (optically clear, flat
bottom, tissue culture-treated imaging plate; BD Falcon) or 24-well plate formats (BD Falcon),
respectively.
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Differential nuclear staining (DNS) cytotoxicity assay:
For the analysis of the live and dead cell after the exposure of the compound C10 and C12 to the cells
we have used a live cell imaging technique, which captures automated images in real time and it, gives
a very reliable fast quantitative analysis [49]. In this study bio-imager system (BD Pathway 855; BD
Biosciences, Rockville, MD) was utilized to ascertain cell death after the use of a differential nuclear
staining (DNS) assay, which was recently validated as high throughput screening (HTS) assay. Cells
in a 96-well plate prepared as described above and then incubated overnight to allow cell attachment.
Subsequently, cells were exposed to a gradient of concentrations of the experimental compounds
(0.024, 0.243, 1, 5, 15, 20 µM) and incubated by additional 24 hrs. Cells were stained with a mixture
of two nucleic acid intercalator fluorescent dyes, Hoechst 33342 (Hoechst; Invitrogen, Eugene, OR)
and Propidium iodide (PI; MP Biomedicals, Solon, OH), 1 h prior to image recording. Several controls
were used in each experimental plate: as a control for non-specific diluent effect, DMSO, was included
in the experimental samples, 0.5 v/v; as positive control for cytotoxicity, cells treated with 500 µM of
H2O2; and as negative control, untreated cells, to determine the background of cell death provoked by
cell manipulations and inherent features within the cell culture system.

Live-cell images were

captured directly from a tissue culture multiwell plate utilizing the bio-imager system. To acquire
suitable numbers of regions of interest (ROIs = cells) for statistical analysis purpose, montages (2X2)
from four adjacent image fields were acquired per well utilizing a 20X objective. To determine the
percentage of cytotoxicity from each individual well, the captured image data was analyzed with
AttoVision v1.6.2 software (BD Biosciences), especially designed to assist the bio-imager system.
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Figure: 5.1: Dose-response curves and CC50 values of C10 (a) and C12 (b) monitoring by the DNS
assay on HeLa cells. For these analyses, cells were exposed for 24h to a concentration gradient of
experimental compound (C10 and C12), as indicated in the x-axis; whereas in the y-axis illustrates the
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percentage of cytotoxicity (dead cells). In this series of experiments several controls are depicted: as
negative control, untreated cells; the diluent of experimental compounds, DMSO, as contained in the
experimental samples (0.5% v/v); and as positive control of cytotoxicity, H2O2 (500 µM). Cells with
compromised plasma membrane were labeled with fluorescence nucleic acids intercalator (PI) and
examined in live-cell manner via BD-Pathway 855 bio-imager, assisted with Atto Vision software (BD
Biosciences). Each experimental point represents the average of four replicas and error bars of the
corresponding standard deviation. Cytotoxic concentration 50% (CC50) in micromolars (µM) is defined
as the concentration of chemical compound required to disrupt the plasma membrane of 50% of cell
population after 24 h of incubation, as detailed in materials and methods. A portion of overlay images
of cells used to determine the percentages of cytotoxic activity are depicted in figure 5.1 c to f.

Nuclear Staining strategy is useful and versatile technique to analyze survival and death of cells. We
have used Hoechst dye, which is permeable to membrane of all nucleated cells, and PI is capable of
staining dead cells due to the membrane disruption after cell death. Co-localization of Hoechst and PI
stained cells gives a nuclear fluorescence signal, which is magenta color. Figure 1a and 1b shows the
dose response curve of compound C10 and C12. Here we have plotted five different final concentration
of compound those are 0.024, 0.243, 1, 5, and 20 µM. For C10 the CC50 value is17.58 µM and for C12
we have got 4.58 µM CC50 value in respect of positive control, which is 500 micro molar H2O2, and
negative control which is untreated cells. We have used DMSO as a dissolving agent so we determined
the cytotoxicity of 0.5% DMSO as a vehicle in HeLa cell lines.
Apoptosis/Necrosis assay:
HeLa cells on a 24-well plate format, prepared as described above, were incubated overnight in absence
of experimental compounds to promote attachment, followed by exposure to 17 µM of C10 and 4.5 µM
of C12 compounds and furthermore incubated for 24 h. Cells were collected as previously detailed
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(Varela-Ramirez et al 2011) and dual stained by re-suspending them with 100 µl of binding buffer
containing Annexin V-FITC and PI following manufacturer’s instructions (Beckman Coulter, Miami,
FL). Briefly, the sample was placed on ice and then were incubated for 15 minutes in dark to allow
staining and followed by the addition of 400 µl of binding buffer. After gentle homogenization, cells
were immediately analyzed via flow cytometer (Cytomics FC500; Beckman Coulter, Miami, FL). Data
acquisition and analysis performed by using CXP software (Beckman Coulter, Miami, FL). Cells
treated with 300 µM H2O2, 0.5%v/v DMSO and untreated were used as positive, diluent and negative
controls, respectively. Two-parameter dot plot histograms divided in four quadrants were used to
obtain the apoptosis/necrosis values. In this study, the percentage of apoptotic cells is defined as the
sum of both early and late stage of apoptosis, which are Annexin V-FITC positive; values of the bottom
right and upper right quadrants, respectively. Cells permeable to PI due to compromised plasma
membrane integrity, but lacking of Annexin V-FITC signal, were considered as percentage of necrotic
cells; upper left quadrant. Two-parameter (colors) flow cytometry dot plots were used to obtain
apoptosis and necrosis values. The flow cytometer acquisition settings were as following: for Annexin
V-FITC, FL1, whereas for PI, FL2, detectors, plotted at a x-axis versus y-axis, respectively.
Approximately, 10,000 events were acquired and analyzed per individual sample using CXP software
(Beckman Coulter).
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D 1 mM H2O2

Annexin V-FITC

Figure:5.2: Histogram of FACS assay. Analysis of data from quadrant regions in the two-parameter
flow cytometry dot plots (A to D) were interpreted as following: the bottom left quadrant specifies
unstained viable cells, with undamaged membrane, double-negative to Annexin V-FITC and PI; the
upper left quadrant denote necrotic cells, just positive to PI, without Annexin V-FITC signal; the upper
right quadrant are cells in late apoptosis, double-positive to both Annexin V-FITC and PI; and the right
bottom quadrant designate cells in early apoptosis, positive to Annexin V-FITC, but negative to PI.

Table: 5.1: C12 inflicted significant apoptotic activity on cancer HeLa cell line after 24 h of
incubation; whereas that under the same circumstances, C10 exhibited necrotic effect. The manner of
inflicting cell death, apoptosis or necrosis, was examined via flow cytometry assay, after dual staining
of cells with Annexin V-FITC and PI.

The total percentage of apoptotic cell populations (y axis) is

expressed as the sum of percentages of both early and late stages of apoptosis (white bars), Annexin VFITC positive; whereas that cells stained only with PI, due to the loss of plasma membrane integrity
were considered as necrotic cell population (also in y axis; gray bars). Each bar represents average of
four independent measurements values, and error bars their corresponding standard deviation. Analysis
using two-tailed Student's paired t-test of C10-treated cells compared with untreated and DMSO
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controls provided values of P<0.00001 (***) in both circumstances. The following controls were
included in each experiment: cells exposed to 300 µM H2O2, as positive control for cytotoxicity; cells
treated with 0.5 v/v DMSO was used as control of the diluent of experimental compounds; and
untreated cells considered as negative controls.
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It is well known that the inhibitor of apoptosis protein (IAP) promote survival and proliferation of
cancer cells [54]. So, for the development apoptosis-inducing compounds is the hallmark of anticancer
therapeutic strategy. The reason for cytotoxicity we found may be of necrosis or apoptosis so we
investigated further the type of cell death inducing by the compound C10 and C12 through flow
cytometry analysis by Annexin V. One of the significant biochemical features of early apoptosis is
translocation of phosphotidyl serine from cytoplasmic end to extra cellular end of plasma membrane.
FITC conjugated Annexin V specifically binds with externalized phospholipid serine. On the other
hand after cell death the permeability of cell membrane changes which allows PI permeable to cell and
intercalate with the nuclear DNA of the cell. In Figure 5.2 A, B, C, D depicts a histogram divided into
4 quadrants where top left quadrant representing necrotic cells without having Annexin-V FITC signal
which is only positive marker for apoptotic cell death. The right top quadrant shows cells permeable to
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PI having compromised cell membranes as well as it also stained with Annexin V-FITC which is
characteristic for late apoptosis. The right bottom quadrant is indicative for early apoptosis as the cells
membrane stained with Annexin V–FITC and the left bottom quadrant represents the live cells having
intact cellular membrane which is not stained either with PI or Annexin V-FITC. In figure B as
represented upon treatment with the CC50 of C10 (Which we got from HTS analysis) 17.58 μM
concentration and incubated with 24 hrs. With the help of Annexin V-FITC fluorescence and PI we
found that 64.2% cells are necrotic and 8.6% cells are late apoptotic and 9.8% cells are early apoptotic.
Thus, the compound C10 induces necrosis in majority of the cells. Figure C shows the result of the 24
h incubation of the HeLa cells with CC50 of compound C12 that is 4.58 μM. Here the histogram
represents that 45.3% cells are early and 34.9% cells are late apoptotic. Hence only 5.8% cells are
necrotic. It is remarkable that the C12 inducing apoptotic signal for majority of cell death. Figure C
represents the negative control where the cells are not treated and that 79.6% population of the cells
are alive, 15% of cells are showing apoptosis and 5% showing necrosis. Figure D depicts the positive
control where the cells are treated with 300 μM H2O2 having a 80% of apoptotic and 14.6 % necrotic
cell death population.
Therefore, the biological property for triggering cell death of these novel pyridinium compounds
changes with the carbon chain length. The compound C12 induces cell death by activating apoptotic
pathways where as C12 induces necrosis studied in human cervical cancer cells.
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